Oba C, Ito K, Ichikawa S, Morifuji M, Nakai Y, Ishijima T, Abe K, Kawahata K. Effect of orally administered collagen hydrolysate on gene expression profiles in mouse skin: a DNA microarray analysis. Physiol Genomics 47: [355][356][357][358][359][360][361][362][363] 2015. First published June 9, 2015; doi:10.1152/physiolgenomics.00009.2015.-Dietary collagen hydrolysate has been hypothesized to improve skin barrier function. To investigate the effect of long-term collagen hydrolysate administration on the skin, we evaluated stratum corneum water content and skin elasticity in intrinsically aged mice. Female hairless mice were fed a control diet or a collagen hydrolysate-containing diet for 12 wk. Stratum corneum water content and skin elasticity were gradually decreased in chronologically aged control mice. Intake of collagen hydrolysate significantly suppressed such changes. Moreover, we used DNA microarrays to analyze gene expression in the skin of mice that had been administered collagen hydrolysate. Twelve weeks after the start of collagen intake, no significant differences appeared in the gene expression profile compared with the control group. However, 1 wk after administration, 135 genes were upregulated and 448 genes were downregulated in the collagen group. This suggests that gene changes preceded changes of barrier function and elasticity. We focused on several genes correlated with functional changes in the skin. Gene Ontology terms related to epidermal cell development were significantly enriched in upregulated genes. These skin function-related genes had properties that facilitate epidermal production and differentiation while suppressing dermal degradation. In conclusion, our results suggest that altered gene expression at the early stages after collagen administration affects skin barrier function and mechanical properties. Long-term oral intake of collagen hydrolysate improves skin dysfunction by regulating genes related to production and maintenance of skin tissue. collagen hydrolysate; skin aging; epidermal barrier function; skin elasticity; DNA microarray SKIN AGING IS MAINLY CLASSIFIED into two categories: chronological aging and photoaging. Chronological aging, or so-called "physiological aging," indicates natural age-induced intrinsic changes. Chronologically aged skin is characterized by dry skin, atrophy, laxity, and wrinkling. As skin ages, the rate of cell division of keratinocytes slows down and the reduced cell number induces epidermal thinning and flattening of the epidermal-dermal junction (7, 31) and results in decreased epidermal thickness (17). Loss of natural moisture factors and intercellular lipids such as ceramide induce dry skin, and there is a reduction of epidermal barrier function (13, 39). Additionally, fibroblast dysfunction and extracellular matrix (ECM) alterations appear in the dermis with aging. Decreases in the content of glycosaminoglycan, proteoglycans, and degeneration of collagenous and elastic fibers induce a decline in skin elasticity, wrinkle formation, and sagging (21).
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Collagen is well known as a major constituent of connective tissues including dermis, bone, cartilage, and tendons. Gelatin, a denatured form of collagen that is prepared from animals like birds and fishes on an industrial scale (41) , is popularly used as an additive to foods. Collagen hydrolysate is manufactured from the hydrolysis of gelatin with proteases. Dietary supplementation with food ingredients, such as vitamins and polyphenols, helps modulate skin function (4, 18, 47) . We have also reported that repetitive collagen hydrolysate administration improved the loss of epidermal barrier function and skin elasticity in hairless mice following a single dose or repeated doses of ultraviolet B (UV-B) irradiation (32) . DNA microarray technology makes it possible to analyze comprehensively the expression of many genes and to find several novel markers associated with physiological functions. It is an effective approach to understand how food ingredients affect gene expression in target tissues (11, 24) .
Although some studies described the effect of collagen hydrolysate administration on the skin (27, 37, 55) , there is no description or comprehensive analysis of how long-term administration of collagen hydrolysate affects gene expression associated with skin barrier function and elasticity under conditions of intrinsic aging. The mechanism of improvement of aged skin function remains unclear. In this study, we evaluated stratum corneum water content and skin elasticity and applied DNA microarray analysis to investigate novel effects of long-term administration of collagen hydrolysate on the aged skin.
MATERIALS AND METHODS

Animals
Nine-week-old female Hos:HR-1 hairless mice (Japan SLC, Shizuoka, Japan) were used in this study. All mice were housed in plastic cages (4 mice/cage) in a temperature-and humidity-controlled room (24 Ϯ 1°C and 50 Ϯ 10% humidity) under a 12 h light-dark cycle. Mice were given an AIN-93G (Oriental Yeast, Tokyo, Japan) diet and water. The present study was approved by the Animal Committee of Meiji Seika Kaisha, Food & Health R&D Laboratories, with the animals receiving care under the Guiding Principles for the Care and Use of Laboratory Animals of the committee. All surgery was performed under isoflurane anesthesia, and all efforts were made to minimize suffering.
Experiment 1 (Skin Evaluation in an Aging Mouse Model)
After acclimatization for 3 days, 16 female mice were randomly divided into two groups (n ϭ 8/group) according to their body weight, stratum corneum water content, and skin elasticity. During the experimental period for 12 wk, the control group was fed a control diet (AIN-93G) and the collagen group was fed a collagen diet consisting of a mixture of 2.0 g of collagen hydrolysate and 100 g of the control diet. Fish scale collagen hydrolysate was purchased from Nitta Gelatin (Osaka, Japan). This amount of collagen hydrolysate is approximately equivalent to oral ingestion of 2.0 g collagen hydrolysate/kg body wt/day (32) . The composition of the experimental diets is shown in Table 1 . Free access to food and water was allowed. Food intake and body weight were measured once a week in all groups. The stratum corneum water content and skin elasticity were measured once every 2 wk. The measurement data are presented as means Ϯ SE. Differences in the data between time zero and each time point were analyzed with a Student's paired t-test (IBM SPSS statistics 22; SPSS, Chicago, IL), while comparisons between the control and collagen groups were performed with a Student's t-test. Differences were considered to be significant when P Ͻ 0.05.
Measurements of skin parameters. Stratum corneum water content and skin elasticity were assessed under standardized conditions (external temperature 24 Ϯ 1°C and humidity 50 Ϯ 10%). Stratum corneum water content and skin elasticity were measured with a SKICON 200-EX skin surface hygrometer (I.B.S., Shizuoka, Japan) and a Cutometer SEM575 (Courage and Khazaka Electronic, Cologne, Germany), as described previously (32) . The kinetics of skin displacement (2 mm diameter probe) was measured over a 2 s interval in response to a 300 mbar suction, followed by a 2 s relaxation period after termination of the suction. The key parameters of skin elasticity (R2: Ua/Uf) were calculated from the distension kinetics.
Experiment 2 (Microarray Analysis of Skin)
Comparison at 12 wk after administration. After acclimatization for 3 days, 16 female mice were divided into two groups (n ϭ 8/group). The control group was fed a control diet (AIN-93G) and the collagen group was fed a collagen diet (collagen and AIN-93G) as described in experiment 1. After 12 wk administration of the experimental diet, all mice were killed under isoflurane anesthesia, and the dorsal skin was excised quickly and stored in RNAlater (Applied Biosystems, Foster City, CA) at Ϫ80°C.
Comparison at 1 wk after administration. We divided 16 female mice into the control group and the collagen group (n ϭ 8/group) and gave them the experimental diet as described above. At 1 wk after administration, the skin of all individuals was collected as above.
Isolation of Total RNA
Dorsal skin samples of each mouse were frozen in liquid nitrogen and powdered. Total RNA was isolated from the samples with TRIzol reagent (Life Technologies, Carlsbad, CA) and chloroform (Wako Pure Chemical Industries, Osaka, Japan) and purified with the RNeasy Mini Kit (Qiagen, Hilden, Germany). The quality and quantity of the total RNA were spectrophotometrically evaluated with an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA) and an RNA 6000 Nano Series II Kit (Agilent Technologies). A RNA integrity number (RIN) was computed with 2100 Expert Software (Agilent Technologies) to indicate the integrity of total RNA samples on a scale of 1-10 (42) . The RIN of total RNA isolated from each skin sample was Ͼ9.0.
DNA Microarray Assay
From each group we selected four mice, who had a stratum corneum water content close to the average level. Total RNA samples from individuals were subjected to DNA microarray analysis as described previously (49) . In brief, using a GeneChip 3'IVT Express Kit (Affymetrix, Santa Clara, CA), we synthesized cDNA from 200 or 300 ng purified total RNA, and biotinylated aRNA was transcribed with T7 RNA polymerase. The aRNA was fragmented and hybridized to an Affymetrix GeneChip Mouse Genome 430 2.0 Array (Affymetrix), which contained probes for Ͼ39,000 mouse genes. After hybridization at 45°C for 16 h, the array was washed and stained with phycoerythrin. Fluorescence signals were scanned with the Affymetrix GeneChip System (Affymetrix). Affymetrix GeneChip Command Console software (Affymetrix) was used to reduce array images to the intensity of each probe. All the microarray data are MIAME compliant and have been deposited in a MIAME compliant database, the National Center for Biotechnology Information Gene Expression Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/geo/, GEO Series accession number GSE62650), as detailed on the MGED Society website (http://fged.org/projects/miame/).
The raw microarray data (CEL files) were quantified with the "distribution free weighted" method (DFW) (9), using the statistical language R (52) and Bioconductor (12) . Hierarchical clustering was then performed using the pvclust function (50) in R. To identify differentially expressed genes between groups, the rank products method (6) was applied to the DFW quantified data. Probe sets with Benjamini and Hochberg false discovery rate (FDR) (2) corrected P value Ͻ 0.05 were regarded as having different expression levels between groups according to previous microarray studies (23) . The annotation file for the Mouse Genome 430 2.0 Array was downloaded from the Affymetrix Web site (http://www.affymetrix.com/). The selected probe sets were functionally classified according to "biological process" in Gene Ontology (GO) with the functional annotation tool of the Database for Annotation, Visualization, and Integrated Discovery (DAVID) (19) . The probe set IDs provided by Affymetrix were used as the input data format. For the gene list manager on the DAVID web site (http://david.abcc.ncifcrf.gov/), we selected the species option to limit annotations exclusively to Mus musculus. Gene annotation enrichment analysis of differentially expressed genes was performed using the DAVID functional annotation tool on the basis of GOTERM_BP5 in GO biological process. A P value Ͻ 0.05 indicated a significantly enriched GO term. To visualize the hierarchical structure of selected GO terms, we used QuickGO (3) (https://www.ebi. ac.uk/QuickGO/), an online analysis utility.
cDNA Synthesis and Quantitative Real-time Reverse Transcription Polymerase Chain Reaction Analysis
For cDNA synthesis from extracted total RNA, reverse transcription was performed using a RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, MA). Quantitative Real-time PCR was performed using the ABI 7500 Fast Realtime PCR system Ϫ⌬⌬Ct (40). Differences among groups were considered to be significant at P Ͻ 0.05.
RESULTS
Experiment 1
Body weight and food intake showed no significant differences between the two groups (data not shown). Each mouse in the collagen group was fed 2.51 Ϯ 0.03 g collagen hydrolysate/kg body wt/day. The stratum corneum water content is shown in Fig. 1A . The stratum corneum water content in the control group was significantly lower at weeks 4, 6, 8, 10 , and 12 than week 0. In the collagen group, water content was significantly higher at week 2 and lower at week 10 than week 0. Twelve weeks of oral administration of collagen hydrolysate caused significantly higher values in water content compared with the control group at weeks 4, 6, 8, 10 , and 12. Skin elasticity data are shown in Fig. 1B . The Ua/Uf (R2) value was significantly lower in the control group at week 12 than week 0, while no significance was found in the collagen group. Skin elasticity was significantly higher in the collagen group compared with the control group at weeks 4, 6, 8, 10 , and 12.
Experiment 2
Comparison at 12 weeks after administration. After 12 wk administration of collagen hydrolysate, body weight and food intake showed no significant differences between the two groups (data not shown). Each mouse in the collagen group was fed 2.67 Ϯ 0.02 g collagen hydrolysate/kg body wt/day.
The DFW quantified microarray data was subjected to hierarchical clustering analysis to evaluate overall gene expression profiles. The cluster dendrogram revealed that each experimental group was not clustered (Fig. 2A) . This result indicates that there were no significant differences in gene expression profiles in the skin following collagen hydrolysate administration for 12 wk. Consequently, extraction of differentially expressed genes (DEGs) and GO analysis were not performed.
Comparison at 1 wk after administration. After 1 wk oral administration of collagen hydrolysate, there were no significant changes in body weight or food intake between the groups (data not shown). Each mouse in the collagen group was fed 2.91 Ϯ 0.01 g collagen hydrolysate/kg body wt/day.
Hierarchical clustering analysis revealed that DFW quantified microarray data of each group formed a distinct cluster, indicating that the gene expression profiles differed between the collagen group and the control group (Fig. 2B) . This result suggests that 1 wk of collagen hydrolysate administration changed the gene expression patterns in the skin.
Applying a significance value for FDR of Ͻ 0.05, we identified 155 upregulated probe sets (135 genes) and 528 downregulated probe sets (448 genes) in the collagen group compared with the control group. DEGs were classified into functional categories by the GO biological process annotation. The significantly enriched GO terms (P Ͻ 0.05) for the gene sets that were up-and downregulated by collagen hydrolysate intake are summarized in Tables 2 and 3 , respectively. In the upregulated gene set, these include GO terms related to "developmental process," "metabolic process," "biological regulation," "response to stimulus," and "single-organism process." "Immune system process," "response to stimulus," "developmental process," "single organism process," "biological regulation," and "metabolic process" are GO terms enriched in the downregulated gene set. Gene annotation enrichment analysis (as above) is able to detect only those genes with the same GO annotation that are statistically enriched in a given population of DEGs.
To complement the GO analysis, we selected DEGs related to skin, especially function and structure in the epidermis and dermis, for further analysis (Tables 4 and 5 ). Among fibrous structural proteins, the keratin family was differentially expressed in response to collagen intake. Type II cytokeratin, keratin 2 (Krt2), and keratin 6B (Krt6b) were upregulated, while other keratin family genes in the epidermis were downregulated in the collagen group. Epiregulin (Ereg), epidermal growth factor, and aquaporin 3 (Aqp3), a water channel in the epidermis, were upregulated in the collagen group. Furthermore, cornified envelope and corneodesmosome-related DEGs that were upregulated in the collagen group include repetin (Rptn), involucrin (Ivl), small proline-rich protein 1B (Sprr1b), stefin A2-like 1 (Stfa2l1), and desmoglein 1B (Dsg1b).
Dermal ECM-related genes appear in the collagen group. Matrix metallopeptidases-9 (Mmp9), -11 (Mmp11), -13 (Mmp13), -19 (Mmp19), and heparanase (Hpse), which are enzymes responsible for degradation of the ECM and basement membrane, were downregulated in the collagen group. Conversely, certain components of the ECM including chondroitin sulfate proteoglycan-4 (Cspg4), fibronectin-1 (Fn1), and proteoglycan-4 (Pg4) were upregulated in the collagen group.
To confirm result of the DNA microarray analysis, quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR) was applied to three selected genes associated with keratinocyte (Aqp3) and cornified envelope and corneodesmosome-related DEGs (Ivl and Dsg1b). The expression levels of these genes exhibited significant increases in the collagen group compared with control group (Fig. 3) .
DISCUSSION
In this study, we found that long-term intake of collagen hydrolysate improved skin condition. Epidermal barrier and 
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dermal elasticity dysfunctions were chronologically induced by aging in the hairless mouse. These damages in the collagen hydrolysate administered group were significantly suppressed 2 wk after starting administration, and a positive long-lasting effect was observed at 12 wk. However, there were no significant differences of gene expression between groups in 12 wk. Thus, we considered that one possibility that the determinants for physiological changes, namely gene expression, are altered at an early stage of this experiment because Marshall et al. (28) reported that the gene induction pattern of stratum corneum precursors such as Sprr1 precedes development of barrier function in terminally differentiating epithelium. In present study, the microarray data at 1 wk after administration show that the gene expression profile of the collagen intake group was significantly different from that of the control group. These findings suggest that significant changes of gene expression in the skin preceded alteration of stratum corneum water content and skin elasticity. Additionally, our study in vitro shows that gene changes of dermal fibroblasts treated with collagen-derived peptides appeared at intervals of 6 h (33). Therefore, expression of genes related to skin function changes in vivo might occur at short time interval similarly, but further analyses are required to unravel relation between changes in gene expression and function in the skin.
There is a possibility that oral administration of collagen hydrolysate improves skin dysfunction through alteration of gene expression in the skin. Interestingly, in the present study, GO analysis reveals that GO terms related to "developmental process," especially epidermal development, were significantly enriched among upregulated genes after collagen hydrolysate administration. Based on these results, we hypothesize that oral administration of collagen hydrolysate facilitated proliferation and differentiation (i.e., turnover) of skin cells. Since it is known that decreased cell turnover is caused by chronological aging (8) , there is the possibility that skin aging is suppressed by promoting functional and structural changes of the epidermis and dermis. Therefore, we focused on up-or downregulated genes related to epidermal and dermal function and structure, with particular emphasis on epidermal proliferation and differentiation.
Genes that directly contribute to the promotion of proliferation and differentiation of keratinocytes, including Ereg (46), Rptn (20) , Ivl (10), Sprr1b (48) , and Stfa2l1 (43), were significantly upregulated by collagen hydrolysate administration. These results suggest that administered collagen hydrolysate enhanced epidermal turnover. It is important that corneocytes are arranged with regularity in the stratum corneum to hold water content in the epidermis (51) . The keratinocyte differentiation-associated genes (Rptn, Ivl, Sprr1b, Stfa2l1) encode precursor proteins of the cornified envelope, which is a hydrophobic structure formed beneath the plasma membrane of corneocytes in the stratum corneum (20, 36) . Similarly, expression of the cell adhesion molecule Dsg1b, which is a constituent of junctions between corneocytes (14), was upregulated by collagen administration. We also confirmed upregulation of Ivl and Dsg1b at the mRNA level by qRT-PCR. Therefore, we consider that collagen hydrolysate enhanced the structure of the stratum corneum and suppressed epidermal water loss. In addition, it is also worth noting that Aqp3, a membrane transporter of water and glycerol in the basal layer of epidermal keratinocytes (5, 16) , was upregulated by collagen hydrolysate administration. It was also reproducible at the mRNA level. Recent studies have shown that Aqp3 gene expression in the skin is decreased by chronological aging (26) , and stratum corneum hydration and elasticity were reduced in Aqp3-deficient mice compared with wild-type mice (15) . Taken together, these results suggest a possibility that upregulation of Aqp3 by collagen hydrolysate is one of the major reasons for improvement of skin barrier function.
We found that collagen administration caused facilitation of epidermal proliferation and differentiation, maintenance of structure in the stratum corneum, and regulation of water channels at the gene expression level. We also suggest that these gene alterations are accompanied by changes in phenotype such as stratum corneum water content. Therefore, it is concluded that activation of these genes in the epidermis is important to maintain epidermal barrier function in aged skin.
In addition to epidermal skin function, dermal function was also affected by collagen hydrolysate administration. In intrinsically aged skin, dermal ECM changes are accompanied by loss of skin elasticity. ECM in the dermis is a dense meshwork of collagen and elastin, embedded in a viscoelastic ground substance composed of proteoglycans and glycoproteins (25) . In the collagen administered group, Mmp9 and Mmp13 (30) and Hpse (53) , which function in ECM component degradation and tissue remodeling (54), were downregulated. Conversely, some glycoproteins contained in the ECM, such as Cspg4, Fn1, and Prg4 (25), were upregulated. These results suggest that oral administration of collagen hydrolysate contributed to the inhibition of MMP-induced ECM breakdown and production of a number of ECM components resulting in maintenance of dermal elasticity.
We consider that the key factor of these effects may be hydroxyproline-containing peptides in the collagen hydrolysate. Hydroxyproline is a required component in the synthesis of collagen in the skin, and decreased collagen synthesis is induced by aging (29) . Collagen hydrolysate contains a high concentration of hydroxyproline and hydroxyproline-containing peptides (34) . We also report that not only amino acids, but also collagen-derived peptides such as prolyl-hydroxyproline (Pro-Hyp), alanyl-hydroxyproline (Ala-Hyp), and glycylprolyl-hydroxyproline (Gly-Pro-Hyp), were detected in human blood after oral intake of collagen hydrolysate (22) . Shimizu et al. (45) demonstrated in an in vivo study that administration of a collagen-derived Pro-Hyp and hydroxyprolyl-glycine (HypGly) improved an HR-AD diet intake-induced dry skin condition in the hairless mouse. These peptides ameliorated skin barrier dysfunction such as degradation of TEWL and epidermal water content and altered muscle related-genes expression.
In particular, cell proliferation and synthesis of hyaluronic acid (HA), a glycosaminoglycan, were induced by the major dipeptide Pro-Hyp in human dermal fibroblasts (33) . Furthermore, we showed that collagen hydrolysate administration suppressed a decrease in dermal HA content induced by UV-B in hairless mice (32) . Thus, in the present study, bioactive components of collagen hydrolysate, such as Pro-Hyp, probably led to suppression of ECM degradation and facilitation of ECM component production in the dermis. Previous studies have shown that collagen-derived peptides can modulate the condition of dermal fibroblasts (35, 44) , whereas there are few studies on the positive effects on keratinocyte production and differentiation. We propose that collagen-derived peptides positively regulate epidermal water content through upregulation of genes such as Aqp3. In fact, it has been reported that aquaporins in the skin play an important role in the maintenance of homeostasis and enhance wound healing. We hypothesize that collagen-derived peptides directly or indirectly affect all layers of the skin through the basement membrane. Because Pro-Hyp and Gly-Pro-Hyp are chemotactic and have the potential ability to aid wound repair (35, 44) , these peptides may stimulate production of keratinocytes in the basal layer. Further studies are needed to clarify the mechanisms underlying the effects of such peptides on the epidermis in detail. In conclusion, we show that long-term administration of collagen hydrolysate improved epidermal barrier function and dermal elasticity of intrinsically aged skin as a result of a positive regulation of expression of genes related to production and maintenance of skin tissues. Continuous intake of dietary collagen hydrolysate is probably effective for preventing skin dysfunction such as age-induced dryness and sagging and is expected to be favorable for the homeostatic regulation of the skin.
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